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I. INTRODUCTION specific factors involved in the synthesis of pro-

Traditionally the recipient of the Eli Lilly teins. As we know today, a cell contains some

award reviews the field to which he has con- several thousand distinct enzyme proteins which
tributed, inevitably paying most attention to the differ one from the other not in the origin and

work for which he has been honored. This places nature of their basic elements, amino acids, but

me at distinct disadvantage compared with my in how these amino acids are linked together and

predecessors for, instead of playing the more assembled to give each protein its characteristic
comfortable role of a night watchman in Hamlet, configuration. Any biologist, carrying out an
I suddenly find myself giving the soliloquy. But experiment in which enzymatic activity appears
perhaps it is just as well that it is a soliloquy after the addition of a given compound to a

since I intend to discuss the most controversial bacterial population, would be struck immedi-
aspect of this field, its methodology. ately with the elegance of the system for

Induced enzyme synthesis interests me because studies on differentiation. The specific factors
it poses in experimental terms the question of the controlling the formation and structure of

enzymes are merely one aspect of the problem of
1 This work has been supported by grants from differentiation. It need not be stressed, therefore,

the National Science Foundation and the Ameri-
w

. ,,
s

canancrSciey.he rvie isbasd o ~7 why "adaptive" enzyme systems have proved socan Cancer Society. The review is based on the
ueu nsuyn h rgno nyeseiiiyEli Lilly Award lecture given at the 56th General useful i studying the origin of enzyme specificity

Meeting of the Society of American Bacteriolo- since the phenomenon is so well known and the
gists at Houston, Texas, on May 3, 1956. subject has been so thoroughly reviewed (2-17).
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To give some perspective to the material I (d) The inducer acts catalytically in the sense
shall analyze, I should like to divide studies on that one molecule of inducer may activate the
induced protein synthesis into three chronological synthesis of more than one enzyme molecule
phases. (10, 23).

However, studies at the cellular level are only
1. During the first stage lasting about 60 years first approximations, and the whole experience of

until the 1940's, numerous observations were made biochemistry has pointed out that the next step
that populations of cells could undergo a change will necessitate the use of resolved subcellular
in their ability to metabolize various compounds systems. This is the third stage.
placed in the environment. Workers during this 3. We are at present entering this third stage,
period struggled with the problems of the origin of the analysis of enzyme synthesis at the subcellular
this acquired ability and by 1950 they had clearly level. As yet the subject is too young for any
distinguished mutation and selection from "adap- general comments. Nevertheless, the direction
tation." Thus, the biological nature of the system this field is taking is already portended by the
was defined with precision for it was established: protoplast systems of Spiegelman (12) and the
(a) that induced enzyme synthesis was under disrupted cell systems of Gale (24-27). I shall not
genetic control and (b) that change in phentotype deal with this phase here but shall confine my
could be achieved without prior change in geno- discussion to the second stage of development of
type. These pioneer studies of Duclaux, Went, this field. Although I have decided to emphasize
Dienert, Karstrom, Dubos, Stephenson, Yudkin, the methodology rather than the results, it will
Gale, Spiegelman, and Monod are all the more re- become obvious that this dichotomy is too arti-
markable when one realizes that they were carried ficial to be realistic.
out without the benefit of the tremendous ad-
vances in microbial genetics and biochemistry We might begin in 1952 with Monod's (3)
made in the last 10 years. With these foregoing redefinition of the phenomenon. The word
problems definitely answered, workers in this "adaptation," because of its too broad meaning
field knew that they had in their hands a tool and teleological overtones, had led to serious
which would permit the analysis of the mecha- confusion. In its place the term "induced enzyme
nism of enzyme synthesis. Such studies, however, synthesis" was proposed (3, 28) to describe the
necessitated the search for well defined systems increased rate (induction) of enzyme-protein
with which quantitative experimentation at the sytessud te infuenc of ecific sub-
biochemical level could be carried out. This led to synthesis under the influence of specific sub-
the second phase of the development of the stancesthe essential distinctions made in early
subject. investigations between induced enzyme synthesis

2. These last 10 years, the second stage, saw a and adaptation of a population by mutation and
redefinition of the problem as one of induced selection were completely confirmed and clarified
enzyme-protein synthesis, with a resultant empha- by the rapid strides in microbial genetics on the
sis on the characterization of the enzyme protein, one hand and in induced enzyme synthesis on
on the kinetics of enzyme formation at the cel- the other. This distinction, of course, was in-
lular level, on the nature of the precursor of the corporated into the definition of induced enzyme
enzyme-protein, on the metabolism of inducers, synthesis
and on the genetic factors in enzyme formation.
During this period two model systems were intro- The term, induced enzyme synthesis, implies
duced, the fl-galactosidase of Escherichia coli and that we have to deal with specific enzyme pro-
the penicillinase of Bacillus cereus. The workers teins. However, studies of enzyme synthesis rest
who developed the model systems arrived at these almost entirely on determinations of activity
more firmly grounded conclusions (8): which presumably measure the quantity of

(a) Induced enzyme synthesis involves the de enzyme protein produced by a cell. The use of an
novo formation of the enzyme-protein molecule uncharacterized enzyme leaves a great margin
from its amino acids. There is no accumulation of of uncertainty as to the validity of this assump-
a protein precursor in either the presence or tion. Therefore in a review (3) written in 1952
absence of inducer (18, 19). '

(b) The over-all pathway between amino acids we suggested that the study of induced enzyme
and enzyme protein is virtually irreversible synthesis should begin with a careful characteriza-
(18, 20). tion of the enzyme protein. We pointed out the

(c) The process of enzyme induction is inde- dangers in interpreting investigations in which
pendent of enzyme action, i.e., the functions of poorly identified enzymatic systems were used,
inducer and substrate are distinct (21, 22). especially those whose assay depended on over-
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all measurements of metabolic activity, e.g., tively one could follow purification by the de-
galactozymase, glucozymase, or those which had crease in other proteins provided that some
never been obtained in cell-free extracts. At that assay for these substances were available. In-
time we attempted to analyze only those inducible duced enzyme systems can provide just such a
enzymes which had at least been obtained in a situation, and purification can be followed by
cell-free state. Today, I believe that, aside from two independent measurements, that of the
the careful characterization of an induced protein specific enzymatic activity and that of the
as an enzyme, extensive purification should be amount of protein present other than the enzyme
carried out in order to determine eventually under investigation. As will be illustrated, the
the parameters of its catalytic activity as well as procedure involves the preparation of a crude
such structurally dependent characteristics as its extract in which every protein except the enzyme
molecular weight, electrophoretic and immuno- to be isolated is labeled with a radioactive iso-
chemical behavior, amino acid composition and tope. The amount of radioactivity in the enzyme
sequence (where possible). Such information not preparation at every step during its isolation is a
only makes the use of activity as a measure of measure of the amount of contaminating protein.
enzyme protein more certain, but also provides The value of this method as a criterion of purity
the tools to investigate such phenomena as the of an enzyme depends upon how good the evi-
nature of the precursor, the problem of the dence is that the enzyme under purification is the
stoichiometric or catalytic role of the inducer, only unlabeled protein in the initial extract.
and the gene-enzyme relationship at the molecu- The purity of f3-galactosidase has been de-
lar level. termined during its isolation from extracts which
With the present day goals being the synthesis have been prepared as follows: Single-step lac-

of protein in cell-free extracts, the study of well tose-negative mutants which make no detectable
characterized enzyme proteins is essential. jB-galactosidase under any known conditions are
Certainly evidence for protein synthesis in cell assumed to differ from lactose-positive mutants
fragments based on changes in enzymatic ac- by the absence of a single enzyme, j-galactosi-
tivity is weakened by the use of "glucozymase," dase. Under this assumption, if an extract from a
or a galactosidase unobtainable in cell-free lactose-negative mutant, whose proteins are
extracts (25, 26, 29), or a cursorily characterized isotopically labeled, is mixed with an unlabeled
catalase activity (30, 31). extract from lactose-positive mutants which

It is not surprising therefore that the two contain j-galactosidase, then presumably one has
inducible systems which have contributed so a mixture in which the only unlabeled protein is
much to the recent advances of this problem the #-galactosidase itself. From such extracts,
involved well characterized enzymes, e.g., the j3-galactosidase has been isolated possessing 1 to 2
penicillinase of Bacillus cereus and the (l-galac- per cent protein impurity as judged by the con-
tosidase of Escherichia coli. It would give me taminating radioactivity. The specific activity
great pleasure to review the outstanding work of of this preparation was found to be 2.1 mmoles
Pollack on the penicillinase system, but this is of ortho-nitrophenyl #-D-galactoside hydrolyzed
not the occasion, and I shall confine myself per min per mg protein nitrogen at 28 C and pH
mainly to 3-galactosidase. 7.1 in M/10 sodium phosphate buffer. The

specific activity of these preparations cannot be
further increased by repeated electrophoresis in

The Escherichia coli f-galactosidase, because starch, differential centrifugation, or fractional
of its peculiar properties and great stability, is precipitation.
particularly suited to studies on induced enzyme B. Substrate Specificity
synthesis. In addition to the Paris group (32-34),
we owe the characterization of this enzyme One naturally occurring substrate of this
especially to Lederberg (35), to Kuby and Lardy enzyme is lactose and, in fact, the first quantita-
(36), and to Wallenfels (37-40). tive assays of this enzyme involved the enzymatic

determination of the glucose liberated by the
A. Purification hydrolysis of lactose (32, 33). It was, however,

The purification of an enzyme is usually fol- as a result of the introduction by Lederberg (35)
lowed by the increase in specific activity. Alterna- of the chromogenic substrate o-nitrophenyl
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Figure 1

/3-D-galactoside, NPG, that the determination of and fluoride ion. The substitution of sulfur for
activity became exceedingly rapid and easy, oxygen in the glycosidic linkage destroys the
permitting accurate assays even in whole bacterial activity of the compound as a substrate but leaves
suspensions treated with toluene (21). unimpaired the ability to combine with enzyme,

jB-Galactosidase has been investigated most i.e., to act as a competitive inhibitor.
often as a hydrolase acting on fl-D-galactosides to
yield galactose in the , configuration [vide infra C. Metal Activation
from (41)] and the aglycone. Since Wallenfels In his study on this enzyme, Lederberg made
(37-40) and Aronson (42) have shown that during the important observation that with NPG as
lactose hydrolysis various trisaccharides and substrate, fl-galactosidase is activated by Na+
digalactosides are formed, this enzyme should ions (35). We had found that with lactose as a
probably be considered a transglycosidase substrate, K+ ion and not Na+ ion is the best
which catalyzes the transfer of the galactosidyl activator (33). A careful analysis of this apparent
residue of fl-D-galactosides to some acceptor, contradiction showed that the affinity for and
R'OH (36-40) as shown in figure 1. activity on a given substrate depends on the

This enzyme has neither activity on nor affinity monovalent cation with which the enzyme is
for analogs of the above configuration which are complexed. The other monovalent cations, Rb+,
modified by inversion of the hydroxyls on C2, Cs+, Li+,NHP,RNH,+, and even H+, also
3, 4 or by oxidation of C6 to COOr, or by re- play a role in determining the affinity for and
duction of the hydroxyls on C2 or 6, or by sub- activity on any substrate (33). For our studies,
stitution, i.e., methylation, on the hydroxyls of however, the K+ and Nat activations have been
C2, 3, 4, 6 (21). Likewise, the inversion of the the most important.
0-galactosidic linkage to the a configuration Parenthetically, it is interesting that the ,..
causes a complete loss of activity, but a partial galactosidases of other organisms, Saccharo-
loss of affinity which in some complex way de- myces (43), Lactobacillus, and Clostridium, are
pends upon the nature of the activating ion, Na+ also activated by monovalent cations. These
or K+ (21). On the other hand, fl-galactosidase enzymes also show divalent ion (Mg+, Mn<, and
has a slight affinity for and activity on a-i- Fe++) activation, which is masked in the E. coli
arabinosides, which are the derivatives of (- enzyme until it is treated with complexing
galactosides lacking the C6. The aglycone itself agents such as versene, after which a specific
has the effect of changing the affinity and ac- effect of Mg++ (and to a lesser extent of Mn++)
tivity constants of the galactosidase. Interest- is revealed. No theory has as yet appeared which
ingly enough, fluoro-p-D-galactoside is a good quantitatively accounts for the kinetics of these
substrate which is cleaved to yield galactose activations.
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association constant, n = number of combining
sites per molecule of enzyme.

20 The plot of r/c versus r (figure 2) gives a straight
line which intercepts the abscissa at 5 sites/

to \molecule of enzyme if a molecular weight of
0 665,000 is assumed (figure 4). The turnover rate
X lo \* of each site is then of the order of 800 moles/sec/
<0 \site under our assay conditions.

The dissociation constant measured by equi-
librium dialysis is the same as the inhibition
constant (KI) determined by the competitive

C I 2 3 4 5 inhibition of the hydrolysis of three different
r substrates (NPG, methyl-#-D-galactoside, lac-

Figure 2. The binding of phenyl ethyl-f,-D- tose) of /3-galactosidase. These data provide
thiogalactoside by p-galactosidase at 4 C (see evidence that (a) the site which binds the in-
text). hibitor in the equilibrium dialysis experiments is

identical to the catalytically-active site involved
in the hydrolytic reaction, and (b) any one site

The purified enzyme is heterogeneous in the can catalyze the hydrolysis of the three different
ultracentrifuge, showing two peaks, a major substrates.
monodisperse component as 80 per cent of the As a further comment on this enzyme, its
total and a minor polydisperse heterogeneous absorption spectrum is similar to that of most
component. Both components contain enzymatic proteins with a molar extinction coefficient of
activity. The major component has an SW20 1.07 X 109 at the point of maximum absorption,
of 13.9, while the minor component has a spread 278 mg, and a 280/260 ratio of 1.73. There is no
of sedimentation constants between 18 and 26. evidence of any prosthetic group other than
One possibility which would account for this amino acids, and the enzyme contains no phos-
sedimentation pattern is that the minor fraction phorus.
is a polymerized product resulting from handling.
Enzyme-containing fractions of lower size than E. Comparison of Enzymes from Different Sources
the major SW20 = 13.9 component have not been The use of various competitive inhibitors in the
encountered even in crude extracts, and it is presence of different ion activators enables a
probable that the enzyme molecule itself is of precise definition of a specific enzymatic property
this size. The approximate molecular weight of by which one could hope to distinguish slightly
0-galactosidase is 700,000. Its turnover number altered enzyme proteins either present in mutants
then for NPG under standard assay conditions is or as a result of treatment. In laboratory parlance,
4000 moles NPG/sec/mole enzyme, which is we called one such test an enzyme fingerprint
quite high for hydrolases. (3). The fingerprint of a given enzyme prepara-

This high turnover number made us wonder tion was made by determining the relative affinity
whether there really was only one combining of three competitive inhibitors of the enzyme in
site per molecule. The technique which could the presence of either K+ or Na+. A comparison
answer such a question is that of equilibrium of these values by several statistical methods
dialysis (44, 45) in which enzyme in a dialysis showed that none of the enzymes obtained from
sac is equilibrated with a competitive inhibitor various mutants of E. coli ML, or induced by
(I) and the concentration of free inhibitor out- several inducers, were distinguishable from an

side of the sac is measured. Assuming the rela- arbitrarily chosen reference enzyme. E. colti K12
tionship or Aerobacter aerogenes, or Shigella sonnei, also

E + nI = EIl, yielded enzymes indistinguishable from the

onecanderive (44, 45) that standard. On the other hand, the fl-galactosidasesone can deriv =
45 -hat of Saccharomyces or Lactobacillus give totally

r/c = nK - rK different values from that of the standard and

where r = ratio of moles of I bound/mole en- differ quite significantly between themselves. I
zyme, c = free concentration of inhibitor, K = might add that the E. coli, Aerobacter and Shigella
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sonnei fl-galactosidases are also immunologically in enzyme activity does not necessarily entail a
indistinguishable when tested with anti- E. coli quantitatively corresponding increase in enzyme
,8-galactosidase serum (3, 46), whereas this anti- protein for, as we know already, the activity of
serum does not react with the Saccharomyces and an enzyme is a function of many variables
Laciobacillus enzymes. These studies illustrate (presence of inhibitors, parasite reactions, ionic
with what definition the specific combining composition of cellular interior), many of which
properties of this enzyme can be mapped, not we cannot control in crude extracts. In fact, it is
only in terms of affinity constants but also in from this point of view that several workers (47)
terms of molecular activity (turnover number), were correct in criticizing all studies on enzymatic
the latter being defined by immunological analysis "adaptation" aimed at an analysis of protein
as the amount of substrate hydrolyzed per unit synthesis. The answer to this difficulty would be
time per antigenic grouping (3, 46). to measure the appearance of enzyme protein

by some method independent of enzymatic
F. Assay of (3-Galactosidase in Whole (Jells activity. One very specific way of doing this is

Since in our studies on the kinetics of enzyme by the use of immunological methods, which to-
induction, the amount of enzyme is determined day have been applied thoroughly only to the
with toluenized whole cells, it must be shown penicillinase (48) and the f3-galactosidase (46,
that this method assays the totality of the (3- 49-54) system.
galactosidase present. The interpretation of the In collaboration with Dr. Torriani, the follow-
data on the kinetics of formation depends upon ing immunological analysis was carried out.
this demonstration which illustrates an aspect Rabbit antisera were prepared against purified
of the methodology that has been neglected by enzyme (activity = 1.6 mmoles/min/mg N).
many workers with other systems. The argument These antisera precipitated but did not inactivate
that the (3-galactosidase assay is valid consisted the (3-galactosidase. An equivalence between
of showing that the amount of activity de- antibody and enzyme activity could be defined
termined by the use of enzyme preparations made in terms of the units of enzyme (activity) pre-
in the sonic oscillator, from an acetone powder, cipitable by a given volume of antiserum. With
or from alumina ground bacteria was the same this titrated antiserum we could compare the
as that found with cells treated with toluene. extracts from glucose-grown cells, which con-
Great care must be used in the toluene treatment tained only traces of activity, with those from
for slight changes in culture conditions render lactose-grown cells which had high enzymatic
cells resistant to this solvent. Weiner (unpub- activity. It was possible to absorb this anti-
lished observations) has introduced the use of serum with the extract of glucose-grown cells
deoxycholate plus toluene and has shown that containing no enzyme until the serum no longer
more reproducible and accurate assays are possi- reacted on further addition of the extract. How-
ble than with toluene alone.blethavewitsummazedaonlythese propertie ever, this absorbed serum continued to precipi-I have summarized only these properties of.....1I. tate the (3-galactosidase from the extract of
fl-galactosidase which have proved of importance
in the study of its synthesis. Whereas this en- lactose-grown cells (46). Thus, we had evidence
zyme is not yet as well characterized as we would that not only is there an increase in enzymatic
like to have it for certain kinds of experiments, activity during growth on lactose, but also a

what is already known about its activity and quantitatively corresponding increase in an anti-
physical properties has permitted experiments genic component identifiable as f3-galactosidase.
on the kinetics and specificity of induction and This observation strongly supports the hypothesis
on the precursor relationships which thus far that induction of 8-galactosidase activity cor-
have not been possible in other systems. responds to the synthesis of new protein.

III. THE PROTEIN SYNTHESIZING REACTION When it became clear that induction leads to
the accelerated formation of a distinct molecular

A. The Appearance of (3-Galactosidase Actiy structure, the question of where this protein
as a Measure of Protein SyntheSIS comes from was posed in experimental terms. In

Even with as well characterized an enzyme as other words, what is the nature of the immediate
#-galactosidase, the demonstration of an increase precursor?
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B. The Precursor Problem (1) pz inductionGZ

Although this aspect of enzyme synthesis has (2) .+ induction
been discussed at great length in many papers PZ + amino acids GZ
and reviews (12-16, 18-20, 52, 54), I should like PZ
to restate the problem because the work on the (3) amino acids-
nature of the precursor poses very important induction
methodological questions. The direct experiment
we have just described told us that induced These hypotheses are generalizable in that we
activity is equivalent to induced antigenic de- might ask whether, upon addition of a specific
terminant groups following induction. Such inducer, PZ or any other protein is converted
groups could arise during induction by rearrange- to a given enzyme, either as is or by addition of
ment of a pre-existing protein, by the addition to cofactors.
or removal from a protein of some specific Various kinds of indirect evidence were used
structures, or by complete de novo synthesis in an effort to decide among the foregoing three
from amino acids. What kind of experimental hypotheses. These same arguments are often
approach can be used to distinguish such alterna- used today to demonstrate that the appearance
tives? of a given enzymatic activity actually involves
Immunology offers a general yet relatively de novo protein synthesis (11, 13, 14, 20, 25, 26,

unexploited method for studying the structural 54-57). Since none of these arguments is de-
patterns of protein molecules. From the configura- cisive, I should like briefly to review the objec-
tional similarities, the parental or filial relation- tions.
ships between protein molecules can be analyzed. A direct conversion of PZ (or any other pre-
Ifone protein is derived from anotherby differentia- cursor) to GZ not requiring energy and analogous
tion or from many others by condensation or to the zymogen-to-enzyme reaction appeared
polymerization, one can expect that these pro- to be eliminated by the demonstration that no
teins could have antigenic determinant groups in enzyme was formed after induction in the pres-
common, and that this relationship would be ence of metabolic poisons such as azide, cya-
expressed by the manifestation of a serological nide, and dinitrophenol (11, 58). These experi-
cross reaction. With this rationale as a basis we ments show that "energy" is required, but they
analyzed induced and noninduced cells for the do not say at what level this is needed. In fact, as
presence of proteins which cross reacted with we know today, all the experiments testing the
antibody specific for (3-galactosidase. The follow- effect of metabolic poisons were performed under
ing observations (49) were made: conditions where entrance of the inducer into the

1. Extracts from induced cells whose enzymatic cell required the presence of a transport system
activity is very high contain two distinct anti- whose functioning was blocked by metabolic
gens, designated GZ and PZ. GZ is the ho- poisons (59-61). Therefore it is the induction
mologous antigen which precipitates all of the pathway, i.e., the entrance of inducer into the
specific antibody. The identity of the protein GZ cell, and not the protein-synthesizing pathway,
with fl-galactosidase is quantitatively demon- which could have been affected. The observation
strable. The antigen PZ has no galactosidase that 3-galactosidase could not be induced in cells
activity and gives a heterologous cross reaction starved of nitrogen, sulfur, or carbon did not
in that it will precipitate only a fraction of the rule out the energy-linked direct conversion of a
antigalactosidase antibody. The absorbed serum PZ-like precursor to enzyme if one assumed that
will precipitate GZ to the exclusion of PZ. the synthesis of nucleic acids or other cofactors

2. Extracts of noninduced cells which contain accompanied the conversion.
negligible amounts of enzyme possess PZ but no These findings spoke against hypothesis 1, but
antigen GZ. did not distinguish 2 and 3. However, let us note

3. Under certain conditions, the induction of that if the synthesis of some cellular component
formation of GZ is accompanied by a small but were necessary for the inducer to become effec-
consistent decrease in the rate of synthesis of PZ. tive in activating the PZ -- GZ conversion, then
The immunological and kinetic data could be even hypothesis 1 is not eliminated. The same

analyzed in terms of several hypotheses (50). argument holds true for the discovery that auxo-
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trophs starved of required amino acids are not TABLE 1
inducible since the synthesis of certain nonprotein Incorporation of sulfur into O-galactosidase syn-
cellular constituents such as ribose-nucleic acids thesized by labeled Escherichia coli cells in
seems to require the presence of amino acids nonradioactive medium (16)
(62-64). The blocking of enzyme induction by Per Cent
chloromycetin does not rule out that PZ is a Per Cent K of K for
chloromycetin~ ~ ~ ~ ~ ~~~~Epeimnt MaximalRaictvy

precursor of GZ because it is possible the nucleic ExPenent Enzyme RAdEoactivity labeed
acid formed during protein blockage is not func- Enzyme
tional, and nonfunctional nucleic acid could
affect inducer metabolism. The use of amino Step I . 0.06 (0.45)1 (100)1
acid analogs, e.g., p-fluorophenyl alanine, Ste II
#-2-thienyl alanine, and tryptazan, must also be Ap 4.8 0.0050 0.1
viewed with great caution. It was believed that B.. 32 0.0043 0.8
the blocking of the appearance of induced enzyme C.58 0.00072 0.1
activity by an amino acid analog was equivalent
to starving an auxotroph of the corresponding Controls
amino acid. However, here, too, the argument Fully labeled
was weakened by the demonstration of Munier enzyme. 100 0.45 100
and Cohen (65) that many of these analogs are Isolation con-
incorporated into proteins. These, of course, trol . 4.8 0.0018 0.4
might be enzymatically inactive. Therefore, the * Corrected for basal activity.
lack of induction of enzyme activity does not t Basal level assumed to be equal to fully
mean that the enzyme protein has not been made, labeled enzyme.
and PZ could have been converted by addition A noninduced culture whose proteins were
of the amino acid analogs to an enzymatically labeled with radioactive S35 is represented in
inactive GZ. These latter findings rule out hy- Step I. Under conditions (Step II) where the only
pothesis 1 only to the extent that the analogs are source of radioactive sulfur was the proteins of
assumed to have no effect on the cell other than this noninduced culture, growth in the presence

be indistinguishable by the protein-syn- of inducer was allowed to take place to various
to . . extents and samples for analysis were taken at

thesizing mechanism from naturally occurring moments A, B, and C. The,3-galactosidase from
amino acids. each sample was isolated and its specific activity

Therefore, none of the above cited experiments determined. The specific activities of these prep-
provided a sufficient argument against any one arations are to be compared with two controls:
of the proposed hypotheses. What we needed was (a) the specific activity of the fully labeled
a direct experiment in which the precursor was enzyme from cells grown in the same
labeled with an isotope and the level of in- medium as the noninduced cells except
corporation of this isotope into enzyme measured. that inducer was added; and
The experiments designed to do this were (b) the specific activity of an isolation control
carried out by Rotman and Spiegelman (19) made identical to sample A by mixing un-
carriedby Houtess et al. (18,5labeled enzyme with a labeled extract of
and by Hogness et al. (18, 54). noninduced cells.

2 Halvorson and Spiegelman (56, 66) have shown The isolation control is a measure of the efficacy
with p-fluorophenyl alanine inhibition of protein of our techniques for purifying the enzyme which,
synthesis in yeast that: (a) qualitatively the as shown above, has 0.4 per cent of the radio-
analog blocks the disappearance of amino acids activity of the fully labeled enzyme (100 per
from the pool; and (b) quantitatively the glutamic cent).
acid level in the pool remains unchanged in the
presence of the analog. Provided (a) that there is The hypothesis that these isotope experiments
no degradation of protein and resynthesis from the
pool to give a steady state level, and (b) that the wreodesigned to analyze was whether or not
low-level incorporation of p-fiuorophenyl alanine theoractic aci-suletein precursors
into protein (unpublished results of H. 0. Halvor- (of the PZ type) accumulated in the cell, either
son) is negligible, one can conclude that these in the absence or presence of inducer (see table
data support hypothesis 3 for maltase synthesis in 1). The design of the experiment was to label with
yeast. a suitable isotope [Rotman and Spiegelman
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(19) used C14 and Hogness et al. (18) used S35] More recently Markovitz and Klein (68, 69)
the proteins of the noninduced cell (step I). Then have carried out analogous experiments with
in unlabeled medium, with acid-insoluble the extracellular a-amylase of Pseudomonas
material as the only source of isotope, the cells saccharophila. This example is particularly in-
were induced, and the incorporation of the label teresting because it involves a secreted protein
into the enzyme measured (step II). Clearly which might have been expected to have an
then it was crucial to the experiment that a way inactive precursor, analogous to that described
be devised of specifically labeling the proteins to by Gorini and Lanzavecchia for proteinases
the exclusion of low-molecular weight pools (70). These workers found significant incorpora-
(amino acids, glutathione, etc.), for it was evident tion into the a-amylase of cellular materials pres-
by this time that such substances eventually ent before induction. However, since they did
ended up in protein (67). In Rotman and Spiegel- not distinguish experimentally between the
man's experiments this was accomplished by amino acid precursor pool and the high-molecular
allowing a period of growth in unlabeled medium weight protein precursors, their result is not
before induction, and in Hogness' experiments comparable to ours. A test of the stated hy-
the cells were prestarved of sulfur. potheses necessitates that a distinction be made

Considering the data of Hogness et at. (see between the amino acid pools and preformed
table 1), the amount of radioactivity associated protein as precursors.
with the enzyme synthesized in step II at three The isotope incorporation experiments, then,
levels of induction A, B, and C was respectively tell us "the source of the enzyme not its route
0.1, 0.8, and 0.1 per cent of that of the fully (71)." However, the further experiments de-
labeled enzyme. Inasmuch as there was no defi- scribed by Hogness et al. (18), as well as studies
nite order to the value (i.e., A > B > C) and of the kinetics of enzyme formation (see later),
because these values were within the range of show that any protein "precursor," if it exists,
reproducibility of the isolation control, it was does not accumulate in detectable amounts either
concluded that in each sample, less than 0.8 per in the absence or the presence of inducer.3 Our
cent of the sulfur of the enzyme synthesized in findings do not rule out the presence of trace
step I was derived from cellular proteins present amounts of precursor which remain in constant
before induction (step I). This result, taken in amount per cell but are synthesized and converted
conjunction with the fact that in sample A the to enzyme, following induction, at a more rapid
enzyme level was only 5 per cent of that found in rate. These formulations which accompany the
the fully induced bacteria, indicated that, if any concept of the template have been thoroughly
protein precursor of f3-galactosidase existed in analyzed by Spiegelman in a recent review (12).
noninduced cells, its level must be less than 0.04 The results of the isotope incorporation experi-
per cent of that for f3-galactosidase in fully ments have focused new attention on two ancient
induced bacteria. problems in this field, that of protein interactions
Thus the possibility that PZ is a precursor (3, 11, 16, 58) and that of protein turnover (57).

of GZ was effectively eliminated. More gen- Let us turn to them now.
erally, the results of the precursor experiment in-
dicate that ,3-galactosidase is synthesized almost C. The Problem of Interaction in the Synthesis
exclusively from the material that is assimilated of Enzymes
after the addition of the inducer and hence In the 1940's the problem of interactions in
proteins existing in the noninduced bacteria the formation of enzymes appeared to be a
play no significant role as precursors. Rotman
and Spiegelman's experiments (19) with carbon 8 The demonstration by Wainwright (72) that
instead of sulfur labeling gave the same answer. nitratase and tetrathionase activities can be in-
These experiments provide very strong evidence duced in nitrogen-starved Escherichia coli cells is
that the induced appearance of f.-galactosidase preliminary evidence that there are systems in

activity involves the complete de novo syn
which the inducer may act on an accumulatedactivity involves the complete de novo synthesis differentiated precursor. However, we must await

of a protein molecule from its amino acids. I isolation and characterization of these enzymes
think that the early objections (47) to the use of before we can evaluate to what extent we are deal-
induced enzyme formation as a model for protein ing with synthesis of enzyme protein and not
synthesis have been formally answered. simply activation.



19571 INDUCED ENZYME SYNTHESIS 149

key to understanding the mechanism of enzyme hypothesis would predict that PZ- and GZ-
synthesis. All workers discussing this subject making ability would go together from E. coli
placed under this heading two kinds of findings: into Shigella sp.
(a) the inhibition of induced enzyme synthesis by Spiegelman and Lennox developed these ideas
certain carbohydrates (73); (b) the mutual and then prepared the strains to test them (un-
inhibition of "galactozymase," "glucozymase," published results). Strains of Shigella dysenteriae
and "maltozymase" by simultaneous adaptation were rendered lactose positive either by trans-
in resting cell suspensions (11, 74). duction with phage grown on E. coti or by cross-
Today, however, we need no longer consider ing with E. coli. It was surprising to find that

these early experiments from the point of view of of the several strains of S. dysenteriae rendered
the precursor problem because: (a) the diauxic lactose positive, none contained PZ. Thus, the
inhibition, at least for the moment, appears to ability to make f3-galactosidase could apparently
involve the induction pathway and not the be transferred without concomitant passage of
protein synthesizing pathway (see later); and (b) capacity to synthesize PZ. The separation of PZ
the mutual inhibition, during simultaneous and GZ in S. dysenteriae does not fit the simple
adaptation in resting cells, was studied in multi- hypothesis that PZ and GZ are synthesized at a
enzyme systems under conditions where the data common site.
are not specifically interpretable. However, the Now what kind of interpretation can be placed
PZ-GZ interaction involving a defined system on our present information? There are two ways
seemed to remain. The two relationships which to account for the PZ-GZ relationships: (a) the
bore on the precursor question were: (a) the above mentioned hypothesis that there is one
structural relationship between PZ and GZ as enzyme-forming system which makes both PZ
revealed immunologically (49); and (b) the and GZ, or (b) that there are two independent
inhibition (and in some cases induction) of PZ enzyme-forming systems which happen to make
synthesis upon induction of GZ (50). similar molecules.
The elimination of the precursor hypothesis The separation of the synthesis of PZ from

thus left the previously mentioned hypothesis that of GZ in Shigella is strong evidence that we
that the two proteins were related in that a com- are dealing with independent systems. However,
mon enzyme-forming system (EFS) produces PZ it does not formally rule out the hypothesis that
constitutively, but upon addition of an inducer one EFS is involved, for it can be assumed that
the same EFS is activated to produce GZ to the PZ which is constitutively synthesized in E. coli
partial exclusion of PZ. The interaction in syn- is inducible in S. dysenteriae. The absence of PZ
thesis then would be at the level of competition synthesis could merely mean that we do not
for the common enzyme-forming system which know the inducer.
turned out both proteins, PZ and GZ. The hypothesis of independent enzyme-form-
The observation that a wide variety of mutants ing systems requires a qualification to account

which were not inducible to make GZ, could make for the interaction. However, I do not think
PZ, does not necessarily contradict this hy- that these data on interaction are sufficiently
pothesis, because one could always assume that established today to warrant that they be used
it is the induction pathway and not the protein as a critical argument in distinguishing the two
synthesizing one which is affected by the mu- hypotheses. Although usually the induction of
tation. In a survey of Enterobacteriaceae it was GZ led to a barely detectable depression of the
shown that whereas all strains of Escherichia coli, rate of synthesis y.2ateof snthsisof PZ, there were strains in
Aerobacter aerogenes and Shigella sonnei (which which induction of GZ led to increased rates of
are lactose-negative cryptics) possessed PZ,
this protein was not present in other Shigella synthesis. In any case, under the second hy-
and Salmonella species. With the development pothesis, inducers of GZ could be considered to be
of systems for genetic crossing and transduction concomitant inhibitors of PZ synthesis in much
between E. coli and Shigella sp. one could ini- the same way that many substances act to depress
mediately ask whether the introduction of the constitutive synthesis of enzymes or, in some

ability to make ,3-galactosidase (GZ) into PZ- mutants, to increase it (2).
negative Shigella would also confer the ability to In summary then, there is no established
make PZ. The simplest interpretation of our example of interaction in enzyme synthesis which
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necessitates hypotheses involving competition synthesis is concerned, the nonspecific degra-
for protein precursors. dation via proteinases is irrelevant.

A discussion such as this is difficult to document
using evidence gathered with whole animals,

The first and most important hypothesis in organs or tissue slices, until it is shown that the
this field we owe to Yudkin (75), who suggested enzyme-protein under analysis is being made in a
that adaptive enzymes were in equilibrium with single species of cells which are in an essentially
their precursors in the cell schematized as fol- homogeneous condition. Therefore, I shall con-
lows: fine my remarks mainly to bacterial systems,

Precursors enzyme + inducer where in the best studied example, the synthesis
of f-galactosidase, the over-all pathway from

enzyme-inducer complex amino acids to enzyme protein is virtually ir-

The equilibrium was very strongly in favor of the reversible.
precursors, only traces of enzyme appearing in However, this demonstration needs gener-
the cells in the absence of inducer. In the presence alization, for the argument has been made (13)
of inducer which formed a specific complex with that 3-galactosidase synthesis in E. coli might be
enzyme, the equilibrium was displaced with the a special case. There are after all numerous recent
accumulation of enzyme. reports (57, 84, 85) concerning (a) intracellular
The demonstration thatz e -galactosidase, once degradation of protein and (b) exchange of amino

formed, is stable within the cells and that induc- acds with "proteins." Such observations might
tion results in the initiation of an essentially be interpreted to support reversibility and con-
irreversible process, ruled out all interpretations tradict any generalization of the conclusions we

of this system in terms of the Yudkin hypothesis have drawn from one system. However, before
(57, 76-79). Furthermore, these findings showed accepting that the E. coli f-galactosidase repre-
not only that j3-galactosidase is irreversibly syn- sents the exceptional case, let us ask if this above-
thesized, stable and static within the growing cited evidence means that we are dealing with
cells, but that this is true of most of the proteins true reversibility of the synthesizing reaction.
of E. coli. Recently the extremely sensitive There are two kinds of findings which might
experiment of Koch and Levy (80) showed that be interpreted as showing that amino acids are
the minimum half life of the E. coli protein is 30 derivable from enzyme protein. The first is that
days, thus making the experiments with bac- based (a) on an "energy-linked" destruction of
teria comparable with that of animal cells. I enzymatic activity in the absence of inducer or
shall not dwell upon the apparent contradiction (b) on the formation of induced enzyme in nitro-
between "static" bacterial proteins and "tdy- gen-starved cells, or (c) on the replenishment of an
namic" animal proteins. This question is hotly amino acid pool under certain deficiency con-
disputed, and I have no new arguments to add ditions. The second is that based on incorporation
to those which have been presented already of a given amino acid into a protein fraction and
(18, 20, 52, 54, 81). its loss from that protein fraction under con-

Instead of considering the general question Of ditions where increases in protein are not detected
turnover, let us specificially ask if there is any (exchange reactions).
clear evidence that the enzyme-protein synthe- Consider first the data based on instability of
sizing reaction itself is reversible in toto or in part. enzyme activity during "deadaptation." It is
We are trying to find out whether there is any observed that certain induced enzymes, in yeast
evidence that the synthesis of protein from amino stroyed but is simply diluted out in the increasing
acids as well as the degradation of protein to bacterial protoplasm (3, 82, 83) means that the
amino acids are catalyzed by a single system. We pathways of enzyme destruction, not via reversi-
shall not consider the question as to whether the bility of synthesis, are negligible in E. coli. If
enzyme protein can be or is degraded intracellu- the enzyme-synthesizing reaction were reversible,
larly to amino acids by other means such as removal of inducer might be expected to block the

proteinases.4 As far as the mechanism of protein forward as well as the backward reaction. In the
case of f3-galactosidase, however, even in the

4The fact that after removal of the inducer, presence of inducer the synthetic reaction is not
,8-galactosidase is neither synthesized nor de- detectably reversible (18).
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particularly, lose total activity rapidly on re- proteins might also be the source of the amino
moval of the substrate (11, 86). This is to be con- acid pool shown by Mandelstam (85) to appear in
trasted with the f3-galactosidase of E. coli which is E. coli under certain conditions of starvation.
simply diluted out during growth (3, 82, 83). Cells lacking the alcohol-soluble protein as a
Clearly the same criteria which apply to the in- result of sulfur starvation grow normally without
terpretation of appearance of enzyme activity lag upon addition of sulfur to the medium, sug-
must also apply to its disappearance. Loss of such gesting the possibility that these proteins do not
complex activities as "galactozymase" (11) or contain enzymes essential to growth. Thus it
"maltozymase" (86) or the disappearance of an appears that both E. coli and yeast can store
activity measured in intact cells, e.g., the lysine amino acids as protein and call upon these re-
decarboxylase of E. coli (87), could be due to serves under restricted conditions. Unfortunately,
innumerable factors (e.g., denaturation, destruc- we have insufficient information to decide
tion of cofactors, formation of inhibitors, or de- whether the pathway of breakdown of these
velopment of impermeability to the substrates), yeast and E. coli proteins is via a reversal of the
none of which involves any kind of intracellular synthetic reaction.
degradation of enzyme protein to amino acids, not Therefore,. I think that we can conclude that
to mention reversal of the synthesizing pathway. no evidence as yet gathered through investiga-
As part of the same argument, the appearance of tions on deadaptation, or intracellular protein
pools of amino acids during nitrogen starvation of degradation, contradicts the hypothesis arrived
cells (13, 85) provides evidence that there are at wvith the 3-galactosidase system that the over-
internal reserves of nitrogen which can be con- all conversion of amino acid to enzyme protein
verted to amino acids but says nothing as to follows an essentially irreversible reaction.
what the nature of such reserves is. In yeast, Let us now turn to the second line of evidence,
Halvorson has shown that this nitrogen pool namely that of the "exchange reaction." I shall
replenishment comes in part from the breakdown deal here with the observations of Gale and co-
of nucleic acid and in part from "protein." workers on the incorporation and loss of single
Similarly, in E. coli, upon sulfur starvation, the amino acids from the proteins of the staphylo-
alcohol-soluble proteins amounting to 15 per cent cocci.
of the total protein, are converted to alcohol-in- The staphylococci require a large number of
soluble protein, possibly via degradation to their amino acids for growth. Under conditions where
amino acid constituents (67). The alcohol-soluble protein synthesis could not proceed because of the

In fact, a little known but very important lack of these essential amino acids the incorpo-
study by Terui and Okada (88) brings evidence ration into protein and the release from protein of
that there are two kinds of mechanism operating only one amino acid, glutamate for example,
in the disappearance of maltozymase of Sac- would not be expected unless there were some
charomyces sake during deadaptation: first, the in- kind of exchange reaction between the glutamic
activation of "enzyme" which is not reversible by residues of preformed protein and free glutamate.
the presence of substrate (probably denaturation); Under conditions which I shall discuss later, the
and second, that which is reversible on addition of reaction whereby protein "combined" glutamate
substrate. In a clever analysis of the deadaptation, (hot trichloracetic acid insoluble glutamate) ex-
by correcting for irreversible loss of activity, they changes with free glutamate would require an
conclude that "the activity per cell was diluted by "energy" source provided that the exchange takes
the newly formed maltozymase-free plasm."
Recently Robertson and Halvorson (89) showed pace gthrogthe Tintermediate of an "acti-
that the loss of "maltozymase" activity during the vated" glutamate. This essentially is the basis for
deadaptation involves a complex situation in the experiments of Gale and his associates on the
which there are permeability factors, change of exchange reaction.
state (insoluble to soluble) of a-glucosidase and The demonstration by these workers of the
then true loss of a-glucosidase activity in extracts. exchange reaction is based largely on four obser-
This latter observation, important for our discus-
sion, needs to be extended to answer the question vationss
of whether the loss of activitv means conversion 1. Intact washed staphylococci or disrupted
of the enzyme-protein to amino acids or simple cells incorporate radioactive glutamic acid into
denaturation. protein in the presence of an energy source and in
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the absence of added exogenous amino acids (condition 1) or all the amino acids are present
which are required for growth (condition 1) (condition 2) (90); and (b) that p-chlorophenyl-
(27, 90). alanine blocks phenylalanine incorporation into

2. Intact washed staphylococci or disrupted intact cells but has no affect upon glutamate in-
cells incorporate radioactive glutamic acid 2.5 corporation (92).
times more rapidly if the other required amino These arguments are not sufficient. In the first
acids are added (condition 2) (27, 90). place, the difference in sensitivity of glutamate

3. Incorporation under conditions 1 and 2 ap- incorporation to a spectrum of antibiotics under
pears to have different sensitivities to anti- condition 1 or 2 does not mean that the two proc-
biotics (27, 90). esses are inherently different. The presence or

4. Once incorporated, glutamic acid is released absence of an externally supplied battery of
from the "protein" of disrupted cells specifically amino acids might enhance or inhibit the action
in the presence of adenosine triphosphate (ATP) of an antibiotic for reasons quite removed from
plus hexose' diphosphate (HDP) plus glutamic the question of exchange or protein synthesis.'
acid (24). This problem is all the more accented when it is
The conclusion that these data represent an realized that there is not a single antibiotic whose

exchange reaction depends upon the extent to precise mode of action is known. Secondly, the
which other mechanisms are ruled out. Consider demonstration that p-chlorophenylalanine blocks
these two reactions as examples: phenylalanine but not glutamic acid incorpo-

(a) Single amino acid exchange ration into the protein of intact cells is not an

protein-combined glutamate argument for exchange of glutamate with the
equivalent residues of protein, for it is possible

activated glutamate free glutamate either that the p-chlorophenylalanine analog it-

(b) Protein degradation, e.g., proteolysis' self is incorporated into protein, or that gluta-
followed by resynthesis mate is incorporated into a nonphenylalanine-

containing protein fraction.7 Now let us look
protein-combined glutamate degradation more closely at the implications of the exchange

free glutamate + all amino acids reaction.
Suppose that we were dealing with nothing

more than a simple reversible synthetic reaction
resynthesis via independent in which

synthetic pathways
Free glutamate + X-Y = glutamate-X + Y

Both mechanisms would account for an incorpo- (activated
ration of a single amino acid in the absence of glutamate)
added essential amino acids under conditions of

synthesis. ~~~glutamate-X + other activated protein "coin-no net protein synthesis. (activated amino acids or bined" gluta-
Gale and Folkes (62) showed that, when intact, glutamate) protein residue mate + X

washed staphylococci were incubated with glucose
and glutamate alone (condition 1), they lost in 1 where X-Y represents a high-energy compound
hr about 12 per cent of their total "combined" such as ATP
glutamate which effectively is a measure of X represents as an example the adenylic
protein (91). In whole cells, then, under condition acid portion
1 where there is protein degradation there is in- Y represents as an example the pyro-
corporation into protein of radioactive glutamate. phosphate portion.

It seems to me that it is simpler to interpret 6This possibility is suggested by the demonstra-
these incorporation data as net protein synthesis Tisof sble is suggested0b the "ere are

where amino acids are supplied from traces intetinonGlendFle (90 tht"hr r
marked differences in the sensitivity of the in-

pools and from protein breakdown. The prin- corporation processes for various amino acids."
cipal arguments against this interpretation are: 7The fact that glutamate incorporation in whole
(a) that there is a difference in the sensitivity of cells is independent of whether or not the essential
the incorporation reaction to antibiotics depend- amino acid, phenylalanine, is added (90) suggests
ing upon whether glutamate is given alone this latter possibility.
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The exchange reaction between protein "com- necessary any interpretation of "exchange" as
bined" glutamate and free glutamate requires anything other than simple de novo protein
only the presence of X and Y, illustrated as synthesis concomitant with some degradation. In
follows: order to interpret the ATP-HDP requirement for

x a incorporation as simple exchange of the typeprotein "combined" glutamate &activated
free glutamate.

pictured above, it must be assumed either that the
glutamateglutamate . high-energy compounds are being used in-

directly, not as "energy" sources for the synthesis
Underthisf hormulatin txhaeneedtfoaneergy of activated intermediates, or else that there are

source, parasite reactions which are removing the
tein "combined" glutamate and free glutamate...onlars..iety ndrcniin hr

activated intermediate which require regener-can only arise idirectly, under conditions where ation. On the other hand, if there is simply de

the.Xand the Y components are mg, b novo synthesis at a trace level, not exchange, the
providing a source for them. In whole cells the apparent ATP requirement is quite compre-
blocking of incorporation of glutamic acid (under hensible.
condition 1) by omission of energy source (glu- Using disrupted staphylococci cells, Gale and
cose) or by addition of metabolic poisons is not Folkes (24, 27) have shown that the incorporated
a necessary consequence of an exchange reaction. radioactive glutamate can be partially removed
The need for an energy source is a necessary con- from the cell fragments by incubation specifically
sequence of de novo synthesis. The metabolic with an "energy source" (HDP + ATP) plus
blocks, produced either by omission or by wt n"nrysuc"(D T)pumight eitherpv peetaion of unlabeled glutamate. Removal of incorporated
poisoming, might either prevent penetration of glutamate under the above conditions is of the
glutamic acid into the cell or else inhibit de novo order of 30 to 40 per cent of that fixed instead of
synthesis which this incorporation seems to 100 per cent as would be expected if a simple
represent. Furthermore, this series of exchange exchange reaction were occurring (24, 27). Only
reactions predicts that, during synthesis, one
should get the loss of isotopically labeled glu- pato h noprtdguaaeo irpecells has been shown to be specifically removable
tamate from preformed proteinmerely by flooding then and the remainder seems to be irreversibly
the system with unlabeled free glutamate.
In the E. coli fl-galactosidase system this type

fxd hr sn ieteiec sytta h
Intexer cos gailetosidalsysem removable fraction is actually in peptide linkage

of experiment has failed to reveal any exchange. in protein.
In intact staphylococci Gale and Folkes in90) tin

Inointacut staphedifficultylocociGaleand Fouts ex
What are the conclusions that are suggested bypoint out the difficulty of carrying out this ex- thswrSne.vr9.e et ftepoenAs . ~~~~this work? Since over 95 per cent of the protein-periment by stating that, "Attempts to do ths combined" glutamate does not appear to enter

with intact cells have not been successful since . .
the highly efficient concentration of free glutamic m the eactioni isrclersthat ther
acidwithnth cels dringtheincoporaion all synthesis is essentially irreversible. Further

experimentation is needed to determine whether
process has made it technically almost impossible the remini so-called exchangeable glutamate:
to reverse the situation." Therefore, these workers (a) involves a protein fraction similar to the
turned to cells damaged by sonic vibration to
demontratexcaneUr c n 1, alcohol-soluble proteins of E. coli; (b) is in some

demonstrate exchange. Under condition 1, dis- way an artifact irrelevant to protein synthesis; or
rupted cells cease to incorporate Ci4-glutamic (c) as Gale postulates (27) is in reality some kind
acid (even when added in high concentrations) of nucleoprotein intermediate in the pathway of
when the amount of glutamic acid taken up cor-
responds to about 5 per cent of the total protein- pteisy
glutamate residues in the preparation, and there-
fore,thegreatmajorityogla. Exchange reactions are not universally orfore, the great majority of glutamc residues h ave

vialenotrdincl-eestm.Uignot been shown to be susceptible to exchange mevitably encountered in cell-free systems. Using
(93). As with intact cells, the disrupted cells, on cell-free preparations obtained from rat liver,
incubation with an "energy" source and glu- Zamecnik (94) found that "once Ci44leucine or
tamate, actually lost about 10 percent of the total Ci4-valine has become incorporated into micro-
protein while at the same time incorporating some protein, it has not been possible to 'wash
labeled glutamate (27). This loss makes un- it out' with large quantities of inert leucine or
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valine. The incorporation is thus a relatively ir- A. The Kinetics of Enzyme Synthesis as a
reversible step on the path to protein synthesis Function of Growth
and differs from the exchange process described It is not surprising that the kinetics of induced
by Gale and Folkes for the incorporation of C14- enzyme synthesis is the most disputed and con-
glutamic acid into protein (and possibly gluta- fused aspect of this subject. Kinetic analyses are
thione) in the fragmented Staphylococcus aureus.* difficult to carry out, and interpretations are of-
Allfrey et al. (95) have confirmed Zamecnik's ten dangerously ambiguous, especially when whole
observation using preparations of cell nuclei, cells are involved. Futhermore arguments based

Finally, note that studies on incorporation of
amino acids or their loss from "protein," defined evidenc. C arly ateanalysesof thek
simply by its precipitability with trichloracetic eiec.Cexyteteaaye ftekntc

scimp byr itseracidprecipitabtywt tricoraceic of enzyme formation cannot be carried out unless
aci(rthr cidprciitnt), revey if certain simplifications and approximations are

ficult to interpret in terms of the reversibility of rerted to.pHowicaniwe d this?
the synthetic reaction because "protein" is a a
heterogeneous collection of materials of widely Specifically, we should like to know what is the

.y kinetics of the reaction whereby amino acids are
varying properties and composition, each com- .

u

ponent capable of slightly different behavior in its cved ner the ctioneofth inducedsome cell component (or components) to induced
incorporation reaction. A clear argument for ex- enzyme. As a setting for this problem it should be
change reactions could be made by showing that remembered that there are two steps in the
isotopic label corresponding to one amino acid can synthesis of a protein: the "nonspecific" step,
be taken into and lost from a single isolated en- common to all proteins, at which ammo acids are
zyme protein under conditions where there is no activated8 and thereby prepared for the specific
de novo synthesis of this protein. In other words, step where the characteristic configuration is
experiments such as those performed with fl- formed. In protein synthesis, only two factors
galactosidase should be repreated with other which control the specific steps have been un-
systems to test the generality of the findings, covered: (a) chemical factors (action of specific
In summary then, the exchange reaction be- inducers and inhibitors of induction); (b) ge-

tween free amino acids and amino acid residues
inpotenreuirsfuthe stuy bforeit be netic factors (mutation and segregation of hered-in protein requires further study before it will be itruns)

necessary to abandon the hypothesis that the Tar units).The kinetic formulations concern themselves
over-all pathway from amino acids to enzyme essentially with action of the chemical factors
protein is essentially irreversible. "This does not which against a fixed hereditary background,
mean that all proteins in all cells have to be stable
at all times (96)," but it does mean that the intervene to provoke the cell to make a given
dynamic state is not as yet a "fundamental fact enzyme.
that must be kept in mind in any consideration I have tried to illustrate the problem by the

ofthe mechanism of protein synthesis (97)." following diagram of a cell which is not only
supplying activated structural materials "spe-
cifically" to the enzyme system under consider-

IV. THE INDUCTION PATHWAY ation, but also "nonspecifically" to all the other

I have placed the discussion of the kinetics of protein-forming mechanisms. The problem is to
enzyme formation under the problem of the isolate "specifically" the ,3-galactosidase-syn-
metabolism of inducers not only because the thesizing reaction which I illustrated by the
isotope incorporation experiments are sufficiently double line enclosure, from the "nonspecific"
unambiguous to be independent of the kinetic flow of building blocks to the rest of the cell
argument, but also because our understanding of (figure 3). Clearly then, if we set as our goal the
the kinetics has been greatly clarified by the dis- study of the specific factors involved in enzyme
covery of Cohen, Rickenberg, Buttin, and synthesis (our common nonspecific denominator
Monod (60) of specific systems which bring the 8 I do not want to beg the question as to whether
inducer into the cell. I shall rely on the papers by activation of amino acids is prior to the action of
this group to give the background to this aspect or part of the enzyme-forming system. For our
of the discussion (8, 59, 60, 61). purposes the distinction is of no importance.
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Figure 3

to general protein synthesis being the metabolic experimentation. As we shall see, its use has re-

factors, e.g., amino acid precursors, etc.), then vealed certain simple and useful relationships
we should study enzyme synthesis as a function which had remained masked so long as "ab-
of general protein synthesis. In this way we can solute" time rates were considered.
distinguish the specific from the nonspecific Under conditions where the only protein
effects of any given agent on the synthesis of the being made by the cell is the induced enzyme
enzyme under investigation. under investigation (absolute preferential syn-
The course of the synthesis of a cellular con- thesis), if this protein were made de novo, the dif-

stituent as a function of time is difficult to inter- ferential rate of synthesis (P) would equal one,
pret in terms of the action of specific factors and if there were conversion of precursor enzyme
because it depends simultaneously on the non- to enzyme, P would be infinity. Since in most

specific metabolic factors. As a first approx- cases there is concomitant protein synthesis, P is
imation these metabolic factors are eliminated less than one, and the kinetics will not necessarily
when, instead of considering time-rate of syn- distinguish between de novo formation and con-

thesis (dE/dt) of a given enzyme protein (E), we version of precursors.
consider the rate of synthesis relative to the total The suggestion that induced enzyme synthesis
rate of protein synthesis (dE/dx) where x repre- should, in general, be expressed in terms of over-

sents the total mass of protein. We have simply all protein synthesis is not invalidated by the
substituted "physiological time" (dx) for "ab- finding of examples where an induced enzyme is

solute time" (dt). The relationship (dE/dx) is synthesized to the exclusion of all other protein
called the differential rate of synthesis (P) (20). constituents (98). Such a finding only means that

It should be noted that in general it is not x, the the differential rate of synthesis, expressed in the
protein, which is measured but simply bacterial above units, is one or infinity. Furthermore, the
mass, B. This latter measurement is valid for eventual development of a cell-free system which
studies provided that one is working with ex- makes f3-galactosidase as its only protein will not

ponentially growing cells. However, there are invalidate this methodology. Under such in
many situations where x is not equivalent to B vitro conditions where P = 1, other formulations
and this lack of equivalence can be misleading. of the kinetics of formation of enzyme might
Since the specific activity of ,B-galactosidase is become more informative.
known, I shall express dE/dx in terms of units of Ideally, we should study the formation of a

enzyme protein/unit of cellular protein. given enzyme in a growing single cell as a function
The study of the differential rate of synthesis of general protein synthesis because the problem

is not only a priori preferable, but it actually of enzyme formation is defined at a cellular and
eliminates many difficulties and complexities of not at a populational level. However, suitable
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4.0 ducer (I) at a saturating concentration is added,
.t-Ithe synthesis of f3-galactosidase begins virtually

z 3.5 without lag (i.e., within a period of less than 5 min
in a culture with a generation time of 70 min)

0 3.0. /(see page 159) and continues as long as the
0.

25 culture grows in the presence of inducer (20).
Removal of inducer results in immediate cessation

X 2.0 P =0.066t of synthesis and the already formed enzyme is
O / simply diluted out in the exponentially increasing

< 1.5 population (3, 82, 83). The differential rate of
<

1. synthesis is a constant from the moment of ad-
.X 1.0 /dition of the inducer (20). This result is simple

0.5 / and enables quantitative comparisons between
X K/ * * * ' various inducers or inhibitors, specific or general.

C The fact that P is a constant from the start of
10 20 30 40 50 60 70 80 induction suggests that the synthesis of enzyme

BACTERIAL PROTEIN (sg.) is an essentially irreversible process. Any hypoth-
Figure 4. To a culture of ML 30 (lac +) growing esis involving an equilibrium betweenho-

exponentially on succinate-inorganic salts
medium, methyl-fl-D-thiogalactoside (I) was galactosidase and its precursors leads to the

added at a concentration of 5 X 10- M. The prediction that the differential rate of synthesis
enzyme activities measured were converted to fig will reach constancy only gradually (20). This
of enzyme protein by using the value 3.36 X 102 conclusion was reached before the isotope in-
,umoles/,ug protein. At the point marked, -I, the corporation experiments and as we already know,
inducer was effectively removed by adding 1-2 M was amply confirmed by them (18, 19).
phenyl-6-D-thiogalactoside, a competitive in- The differential rate of synthesis is determined
hibitor of induction (8). For our purposes the both by the amount of active EFS per cell and
addition of the inhibitor illustrates what would be by the availability of building blocks. Since in a
seen if the inducer were removed by washing. steady-state culture this latter factor might be
Note that 6.6 per cent of the total bacterial protein expected to remain unchanged, the constant
is the induced enzyme itself. differential rate of synthesis is evidence that the

amount of EFS per cell remains constant on
single cell systems are not yet available (although intion As Moo (8) has cussed th
not far away), and as an approximation, a vinducton. As Monod (8) has discussed the

culture growing exponentially in an essentially simply fer this paper.
steady-state condition is used. The exponential simply refer tohlis paper
steady-state growth phase is today the most re- to m unti n Tr and Okadat(88)in -
producible and only meaningful in vivo system m
which to study induced enzyme synthesist.9dependently formulated the differential rate of

synthesis and applied it to "maltozymase"
Such a steady-state culture can be obtained either fomtio in astlTey swt hatoinducedformation in yeast. They showed that induced
by continuous culture (99, 100) or by free growth "maltozymase" activity follows a constant dif-
at low bacterial concentration in a medium ferential rate of synthesis. It would be informative
which possesses all of its components in sufficient
excessthaslght hanes i cocentatin

i yeast systems to study this relationship with a
excess so that slight changes in concentration define enye
have no affect on the composition of the cell.
For the E. coli-(3-galactosidase system we often B. The Kinetics of Enzyme Formation as a Cellular
use a well aerated inorganic salts medium with Phenomenon: The Methodology of Gratuity
succinate or maltose as only carbon source, and a The first simplification then in the study of
bacterial density no greater than 5 X 108 cells/ kinetics is to use the differential rate of synthesis.
ml. Having decided this, the next problem arises

Consider one such experiment (figure 4). If to from the fact that enzyme synthesis is being
an exponentially growing culture, a suitable in- studied in a population in which each cell behaves

9 Unfortunately, enzyme synthesis has not as as an independent unit. In order that the inter-
yet been studied in synchronous cultures. pretation of the kinetics of formation of enzyme
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in the population (over-all kinetics) be applicable Until 1951 most studies on kinetics of induction
at the cellular level, we must know: (a) whether were carried out under precisely these conditions
theresponseof all cells toinductionissimultaneous (11, 17, 60) and it was to clarify this situation
and equal (homogeneity); (b) whether only a frac- that Monod et al. (3) developed the methodology
tion respond (heterogeneity); or (c) whether all re- of "gratuity." This stated that the kinetics of
spond but atdifferent times (heterogeneity). Clear- enzyme formation should be studied under con-
ly, the problem is not solved by elimination of the ditions where neither the presence of the enzyme
most obvious cause of heterogeneity, namely mu- itself, nor its inducer, influences the general
tation and selection. cellular metabolism. The inducer should intro-
To make this methodological formulation clear duce only one new factor, namely a supplemen-

let me illustrate with a concrete case. Suppose tary process of specific synthesis which is pre-
that a noninduced culture of Escherichia coli cisely the phenomenon under investigation.
grown specifically to starvation on succinate is We have illustrated previously the simplicity
transferred to a medium containing lactose as of the kinetics of enzyme formation under con-
only carbon source. In order to use lactose the ditions of metabolic gratuity in which the in-
cells must synthesize some of the f3-galactosidase ducer methyl-f3-D-thiogalactoside, not metabo-
system (60). Since there is no appreciable leaking lizable as a carbon or sulfur source, was used.
out of either enzyme or its products, each cell is That a system analogous to this one actually in-
a closed metabolic and induction system. Fur- volves a homogeneous population, was shown by
thermore, not only is lactose metabolized ex- the ingenious experiments of Benzer (83), and
clusively via the 3-galactosidase system, but the even today the 3-galactosidase system is the
synthesis of this system requires a source of only one for which it has been shown by direct
carbon. Therefore, whether and when any cell analysis that the over-all kinetics are a reflection
shall start synthesizing enzyme must depend on of the cellular kinetics. Furthermore, Benzer
traces of enzyme already present, or upon in- showed that metabolic nongratuity led to the
ternal metabolic reserves. Once started, the expected heterogeneity. The whole situation ap-
process of enzyme synthesis will be self-acceler- peared intellectually satisfying since a constant
ating (autocatalytic) since the rate of enzyme differential rate of synthesis was the only result
synthesis will depend upon available metabolic which could not be predicted from any likely dis-
energy which, in turn, depends upon the amount tribution of cellular properties. I am dwelling on
of enzyme present at any moment. Any cell that these obvious formulations because the rule of
had a slight initial advantage for any reason gratuity has taken on a more subtle form in
would gain increasingly and the population recent times which I shall deal with later.
would tend to become increasingly heterogeneous . The Kinetic of Enzyme Formation in
with respect to enzyme content. Evidently then "Unresting" Cell8
the determination of the over-all kinetics of Uein I(aelle
enzyme synthesis for the population as a whole The methodology which I have discussed is
would not represent even approximately the very little used. By far the greater number of
course of events at the cellular level. The ob- publications (29, 68, 76-79, 87, 101-107) on

served over-all kinetics would be an average adaptive enzymes involve the use of washed cell
depending upon the rate at which cells become suspensions, termed "resting" cells. Aside from
inducible by lactose and then are induced, and the question of mutation versus adaptation,
therefore over-all kinetics would not be inter- studies with such preparations were carried out

pretable at the cellular level. What we need is a with the hope that during induction, the lack of
a "significant" increase in optical density or plate

system in which the over-all kinetics is an average count meant that the interpretation of the data
of the formation of enzyme in individual cells would be greatly simplified. Why is this not so?
where every cell is induced. If one prepared specifically starved cells,10 i.e.,

Conditions of induction then where the in-
ducer is simultaneously the only metabolic 10 It was once thought that the use of specific
source should be expected to and do give rise to

starvation by growth to a given limit is methodo-
sourcehouldbnet expected toichmandd ge trieto logically equivalent to the use of growth inhibitor
spurious kinetic effects which mask the true analogs of amino acids and purine and pyrimidine
course of induction at the cellular level (83). bases in that the analogs set up specific starva-
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the growth of the cells ceases because of the essential trace elements (metal ions, ammonia);
exhaustion of one known component, then with or (c) from the lysis of some cells. Clearly the
the exception of thymineless mutants (108) no absence of obvious cell division does not mean
induced enzyme formation can be provoked (20). the absence of de novo protein synthesis. The ap-
(See footnote 3, page 148). In all cases of specific pearance of enzymatic activity in a cell suspen-
starvation not only is no induced enzyme formed, sion which is not increasing in optical density or
but also during this starvation period no protein is in plate count, may attest only to the greater
made. With the thymineless mutant, while it is sensitivity and accuracy of the measurement of
clear that induced enzyme is made, it must not be enzymatic activity. The belief that with resting
forgotten that general protein synthesis is not cells one dissociates the growth of a new cell from
affected. These experiments (20) show that at the enzyme synthesis, implies that the only protein
"nonspecific" level, as defined previously, in- being made& is. the one the experimenter is in-
duced enzyme synthesis is part and parcel of vestigating' (69);1 Direct experimental evidence
general protein synthesis. Obviously, then, for this is'-needed, e.g., the demonstration that
when the cells are "resting" because they have radioactive amino acids are incorporated only
been starved of a known component, then either into the enzyme protein under investigation.
no induced enzyme-protein formation occurs or, Furthermore, in no study with washed cell sus-
in unbalanced growth, enzyme formation follows pensions has any consideration of the hetero-
a relationship describable by the differential rate geneity of the system been entertained, especially
of synthesis. Therefore, the use of specifically important because there is every reason to believe
starved cultures can and does give precise data that the individuals of a washed cell suspension
about the mechanism of enzyme synthesis (20), would have all levels of internal reserves with a
only because no enzyme is formed (see footnote resultant wide variation in ability to make en-
3, page 148). If some enzyme were formed, then zymes. The resultant kinetics, therefore, would
increase in protein would have to be measured not be applicable at the cellular level.
and one would return to investigating the dif- In the 1940's the use of resting-cell suspensions
ferential rate of synthesis. to settle the question of mutation versus adapta-

If, on the other hand, an overnight culture in tion was justified. Today, however, except in
complex medium is washed and resuspended in specific instances, the study of the time kinetics
phosphate buffer, generally with a carbon and of enzyme formation with these "resting" non-
energy source, some induced enzyme formation gratuitous systems is meaningless, and con-
can occur. Inasmuch as specifically starved cells clusions which have been derived from such
usually do not produce induced enzyme, these studies on the kinetics of enzyme formation and
washed suspensions must derive their basic build- on the interaction of protein-forming systems are
ing blocks either: (a) from stored up critical con- no longer valid.
stituents (such as amino acids and alcohol- . .
soluble proteins) derived from the complex Tc y In Induced Eym
growth medium from which it was washed,
(b) from the resuspension medium which contains Now that the main elements of the metho-

dology have been discussed, we must come to the
tions. This, in most cases, is incorrect because it is very important question of whether there is any
now known that many of these analogs do not
block macromolecular synthesis but are in- 1lThis has been expressed as follows: "On the
corporated themselves to yield inactive macromo- other hand enzymic adaptation can be sharply
lecular units. Therefore, the enzyme activity as a distinguished from what is ordinarily meant by
measurement of protein becomes meaningless since bacterial growth and in some cases has been shown
inactive enzyme protein could be formed. An to occur in its absence." (106, p. 185).
amino acid starved cell differs from one blocked by "The use of growing cultures in enzymatic
certain amino acid analogs in that the former does adaptation experiments complicates any attempts
not make DNA, RNA or protein, while the latter at analyzing the kinetics of the process. It is
makes all three (62-64). The protein synthesized difficult under such circumstances to dissociate
in the presence of an amino acid analog often the growth of a new cell from the appearance of
possesses no enzymatic activity as a result of which enzyme activity, and the time-activity curves ob-
one observes linear instead of exponential growth tained would be primarily determined by the
(65). growth characteristics of the culture" (11, p. 279).
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evidence for autocatalysis in the induction of an age time which separates two cell generations.
enzyme. This question was introduced when it This is equivalent to supposing that the proba-
was found that under certain conditions the bility of formation of a first molecule of Z within
kinetics of formation of enzyme as a function of a generation time is small. Under these conditions,
time could be accounted for by the assumption the discontinuity in question would not only be
time . . . reflected in a given cell but further, during a cer-
thcat ythpimary rae-Thismiting siproce was ane tain time in the descendants. At one level the
autocatalytic one.tis m s sipl ta the capacity to synthesize rapidly the enzyme, Z,
rate of enzyme formation is a function of the would become a clonal property appearing like a
amount of enzyme present. Provided that one is mutation, while at the other level, the 'adapta-
not dealing with a spurious kinetics, such a tion' of such a population in the presence of in-
finding implies that upon addition of inducer the ducer would be slow and would cover a duration
amount of active enzyme-forming system per cell corresponding to a rather large number of cellular
increases. This could occur either by induced generations."
duplication of the EFS (109) or by induced This model predicts: (a) that there will be a
activation of a dormant EFS (110). These im preinduction effect; and (b) there will be a clonalportant speculations have stimulated a great ..c....> ^ . . .........distribution of enzyme-forming cells which will
deal of work in this field. Today, however, we
know that most of the experiments which gave mutation. The yeast system has not as yet been

the classical S-shaped curves relating enzyme analyzedhiters ofsthismod ase te
acivt to tim ar *ujc tothe crtcim analyzed in terms of this model because the
activity.totimear subject totheci kinetics of induction of a complex enzyme systemhave discussed, (a) because they were carried out "galactozymase" is inferred indirectly from

under nongratuitous conditions in "resting"
cells, and () because the enzyme systems undergrwhsui.TeEcl-(-actidesyemcells,an() because the enzyme systems underon the other hand, has been carefully analyzed toanalysis were poorly defined, test the predictions of this model and both aThe only data available today which indicate preinductive effect and a clonally distributed
that the synthesis of induced enzyme follows an heterogeneity have been uncovered in thisinherently autocatalytic kinetics are those
obtained with slow-adapting populations of system.
yeast upon exposure to galactose (110-117). In order to permit the use of general terms in
Severalyearsago.discun othe discussion of the kinetics of enzyme synthesis,

Somever yearsagomeview drission oFrects pe I shall have to introduce a precise description of
nropomenon a reve wrictateing Frnh () weo the time scale. The cultures of E. coli used in our

studies had generation times of approximately 70gratuity, described how a heterogeneous response mm. The sensitivity of the experiments carried
to an inducer arises and how this heterogeneityoti
becomes clonally distributed. A direct translation s eoutu agifzthe iffretiawlraeo
follows: ~~~~~~~~~~saidto begin without lag if the differential rate of

follows: synthesis attains constancy within 5 min after the
addition of inducer. A 5-mm period in a gener-

"Let us imagine a system possessing the follow- ationt of 70dme. i equivalentotoin5aperncen
ing properties: In a suspension of growing cells, an in n bacteria ms. A olai format
inducer I provokes the synthesis of an enzyme Z. crease bacterial mass. A lag- in formation
The probability that any cell will synthesize at then, implies that the differential rate has reached
least one molecule of Z per unit time is (1) in- constancy in a period greater than that required
finitesimal in the absence of I; (2) small in the for a 5 per cent increase in bacterial mass.
presence of I for those cells which do not possess 1. Preinductive or maintenance effects. The terms
already one molecule of Z; (3) large in the presence preinductive effect and maintenance effect have
of I for the cells which possess already one mole- been used by Monod (8) and by Novick (118),
cule of Z. respectively, to describe systems in which an

It is clear that in such a system the synthesis of induced population of cells behaves differently
the enzyme will be a phenomenon practically dis- toward an inducer than does a noninduced
continuous at the cellular level by comparison with
the over-all kinetics. However, in order to show population.
such a discontinuity, it would be necessary to re- As we have seen (figure 4), if a noninduced
veal the presence of enzyme in individual cells, growing culture of a lactose-positive E. coli is
unless, of course, the supplementary condition is placed in a saturating concentration of inducer,
added that the 'unit of time' is equal to the aver- the differential rate of synthesis is constant
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virtually from the start. If the concentration is
lowered to nonsaturating levels (figure 5), then 4.0
the differential rate shows an acceleration phase
which reaches constancy only gradually, depend- ' 3.5
ig upon the concentration of inducer (8, 118). If 0.05,
a fully induced culture, which has had its inducer 3
removed by any of several methods, is allowed to ° 2.5 P0.o033
grow in the nonsaturating concentration of /
inducer, enzyme synthesis begins immediately at it 2.0.
a constant (or falling) differential rate depending a
on inducer concentration. There is no acceler- °- B
ation phase. < | o
The second example of these effects (figure 6) is

derived from Monod's original observation that 0.5 A
glucose inhibits the induced formation of fl-
galactosidase (73). If glucose is added simul- 2
taneously with inducer to a noninduced culture, BACTERIAL PROTEIN (pg.)
the synthesis of (3-galactosidase is entirely
blocked. However, if the same experiment is Figure 6. An exponentially growing noninduced
carried. Houwithan ded cue,

e

enzyme culture of ML 30 is placed at moment labeled Acarred out with an iduced culture, enzyme into TMG, 104 M (-O-0-), and into TMG,synthesis takes place in spite of the presence of 1'-4M, glucose 10-8 m (-@--@-). When the
the inhibitor. Glucose, then, appears to decrease culture in TMG alone reached the state of in-
the effective concentration of the inducer. duction indicated by B above, glucose, 103M, was
The induced cell then has acquired something added to an aliquot (-X--X-). (See table 2 for

which makes it able to respond to low concentra- data on duration of maintenance in glucose.)
tions of inducer or to inducer in the presence of
certain inhibitors such as glucose. This acquired inducer. Consider the example given in table 2.
something has the property of being inheritable as Fully induced and noninduced single cells are
long as the cells are kept in the presence of each placed in nonsaturating concentrations of

inducer and into glucose plus inducer. The clone
4.0 - G of 108 cells which is eventually derived from the

b3.5 - inoculated cell either possesses enzyme or it does
C. not, depending upon whether it was preinduced or
Z 3.0 _ / not. This difference in ability to respond to low
0 < concentrations of inducer is maintained for 79
, 2.5_ generations, and where the glucose system
W 2 .OBis used, a difference has been established through

2.0 135 generations. Novick and Weiner (118) have
I- 4 shown that under the controlled conditions of
< A ,/ 3 4 * continuous culture, maintenance with low con-

<I.0 4 2 centrations of inducer can be established for at
o 0.5 0 4 least 180 generations, instead of the 79 gener-
0

fi
-

ations shown in the experiment reported here.
*0 This is a demonstration that a permanent dif-

10 20 30 40 50 60 70 80 ference as regards enzyme synthesis can be
BACTERIAL PROTEIN (s9.) established between two genotypically identical

Figure 5. A maximally induced ( O-O-) and
a *oidcd(00)clueo populations growing in the same medium.

(lactose+) wereuplacedtinugrowth medium con-
3 If preinduced cells are grown m the absence of(lactose +) were placed in growth medium con- inue .daatan an atvrou ietamning as inducer methyl-j3-D-thiogalactoside at a inducer (deadaptation) and at various times

nonsaturating concentration of 1.5 X 10-' M. (See aliquots are placed into maintenance conditions,
text for discussion and see table 3 for further the ability to reverse the glucose inhibition or to
analysis.) be induced without lag by low concentrations is
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TABLE 2 of low inducer concentration, uncovered that
Duration of maintenance in Eocherichia heterogeneity obtains at nonsaturating levels of

coli inducer.

P(Eprotein/BProte1i) They used the maintenance effect as a tool to

Nulmber M X 102 demonstrate that cultures making enzyme at less
Passage of Gene- Increase Glucose TMG than maximum rate are composed of individual

RtiXM+ TMG8 sX cells, some making enzyme at maximal rate and
10-4 X 10X'K the remainder making none. Novick and Weiner

(118) used maintenance at low concentrations of

Induced. 5.7 3.3 2 6 inducer, and we have carried out similar ex-

Noninduced... 26.6 108l 5.2 0.00910I022 periments using maintenance in the presence of a
suitable glucose and inducer concentration.

II Consider now the experiment described in
Induced l 531 1016 4.5 2.7 2.1 table 3 in which the data shown in figure 5 are
Noninduced... J * 4.9 0.0033 0.039 further analyzed. A growing culture is placed in a

low concentration of inducer, and as we men-
III tioned, the differential rate of synthesis increases
Induced. .. 79.7 10241 5.3 3.0 1.6 constantly to an apparently steady value. How-
Noninduced. 5.5 0.00520.065 ever, now we can analyze the population by

IV diluting to the level of single cells into mainte-
Induced. 1 1 5.8 2.4 0. 20 nance concentrations of glucose plus inducer, and
Noninduced... 106f 0 5.0 0.0081 o.25 analyzing for the level of enzyme in the resultant

clones. The noninduced culture uniformly yields
V clones with no activity. At the other extreme,
Induced. 135 1041f 4.4 3.1 0.23 using the induced culture, all of the resultant
Noninduced...J - 4.7 0.001010.35 clones show enzyme, and, therefore, the response

t~o induction by saturating concentrations ofA fully induced and a noninduced culture of
ML 30 were each diluted to one cell/ml into inducer is homogeneous, in confirmation of
growth media containing the above-indicated
additions of inducer, methyl-p-D-thiogalactoside TABLE 3
(TMG), and inhibitor, glucose. When the culture Heterogeneity during induction at low
had grown to the level of 108 cells/ml enzyme ac- inducer concentrations
tivities were determined and the culture was Multi-
again rediluted as above. Sample Starting Culture plicit % Positives

lost in 4 to 6 generations as compared to the 135 A Induced 0.79 >99
generations in the presence of inducer. This means B Induced 0.65 >99
that the system acquired by preinduction is C Induced 0.90 >99
diluted out or inactivated in some way in the
absence of inducer, but once started is self-per- 1 Noninduced 1.0 3

i
1.5

petuated in its presence. 2 Noninduced 0.88 11 i 6
2. Heterogeneity and the pseudo-mutational 3 Noninduced 0.81 18 i 4

appearance of enzyme-forming ability. I have 4 Noninduced 0.73 24 - 4
already pointed out that, under conditions of 5 Noninduced 0.68 31 3
metabolic gratuity and saturating inducer con- - dsrbduerfge_
centrations, the induction of enzyme is homo- From the cultures described under figure 5,
geneously distributed in the population. This samples were taken at the moments indicated by
demonstration by Benzer (83) so dominated arrows and numbers, and diluted into tubes con-demonsratioby8taining glucose 10- M and TMG 104 M to athinking that his warning that "the use of low multiplicity indicated above. The positives were
concentrations of inducer ... might be lead to those clones which showed a differential rate of
heterogeneity" was overlooked for a long time. synthesis, P (see table 2) of more than 1.0, while
However, Novick and Weiner (118) in a detailed the negatives had less than 0.02. There were no
study of the kinetics of fl-galactosidase formation clones between these values of P.
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CELL BOUNDARY which may be a derivative of glucose. It is the
ratio of internal inducer to internal inhibitorx, Y belucosei Zs (I1/glucosei) which determines the induction of
both E and Y. Noninduced cells which have little

synthesizing synth Izing or no Y will evidently have a low ratio of Ii/system for Y syslem for E glucosei and consequently will be inhibited by

glucose glucose for the production of both Y and E.
9 ucose* Induced cells with high levels of Y will have high

Figure 7 internal concentrations of Ii, a high ratio of
Ii/glucosei, and consequently the glucose in-

Benzer's findings. At low concentrations of hibition will be reduced with the maintenance of
inducer, the response of a noninduced culture is a steady state of induction as a result.
heterogeneous, and one has a population of The Y system then accounts for the preinduc-
enzyme synthesizing and nonsynthesizing cells. tion effectS.'2 How does it explain the hetero-
The number of cells induced increases with time geneity in induction? Here we must return to our
to some steady-state value which Novick and model in which Z, the factor which generated the
Weiner (118) have shown to be a balance between heterogeneity, is now identified as the induced-
the probability of a cell being induced and the permeation system (Y, described by Monod's
selection against induced cells by the faster group. The Y system is responsible for the mis-
growing noninduced cells. leading over-all kinetics at low inducer concen-
Under conditions of deadaptation, starting with tration because we have a system which is being

a culture in which every cell shows mainte- studiedunder peculiar conditions of nongratuity.
nance, after 4 to 6 generations heterogeneity ap- Our original formulation of the concept of
pears, i.e., cells which cannot be maintained, gratuity, illustrated previously by the induction
and after 10 generations most of the population ofgr-galactosidase by lactose as sole carbon
behaves as a noninduced culture. The kinetics of source, referred essentially to metabolic non-
deadaptation have not been worked out as yet. gratuity. Here at low inducer concentration we
These two puzzling results, preinduction and have a case where the pathway of induction

heterogeneity, were clarified with the discovery passes via the very system being induced so that
by Rickenberg, Cohen, Buttin, and Monod (60) even under conditions of metabolic gratuity one
of a specific induced system responsible for can have induction nongratuity leading to
bringing the galactoside inducers into the cell. heterogeneity of the population. Induction non-
Since this observation a wealth of data (60, 61, gratuity arises when an inducer in order to be
118) has been gathered to show that both the effective must be acted upon by the very enzyme
preinduction and heterogeneity are a result of the whose formation it provokes. This is the more
presence of the induced permeation system (Y), I subtle violation of the law of gratuity mentioned
shall not go into any details on this mechanism previously.
which has been discussed by Cohen and Monod If this analysis is correct, we should find that
in this issue (61). The picture which has been under conditions of strict gratuity: (a) the pre-
developed is illustrated in figure 7 (119). induction or maintenance effects should disappear
The externally added inducer (I.) passes as well as (b) the acceleration phase due to

through the Y system to become internal inducer heterogeneity of the population in response to
(I,) responsible for the induction of both Y induction. This is precisely what Herzenberg
and E (f3-galactosidase). Clearly, a cell which has and Monod (61) discovered when they investi-
a high level of Y can capture I. more efficiently gated the induction of ,3-galactosidase in a
than a cell that does not have Y. The internal mutant (lactose-negative cryptic) which lacked
concentration of Ii depends then on both the . .
external~~~~~cnetainoI. an h.evlo the Y system. Over a range in inducer concentra-external concentration of Ie and the level of Y tinfo< 05mt auaineuvlnso that the lower the level of Ie the greater the tion from 4 X 1t M to saturation equivalent

advantage the presence of Y is to a cell's in- 12 I shall not deal with the mechanism of the
ducibility. Glucose enters the cell by a distinctly glucose inhibition, but I should like to refer to the
different constitutive transport system, Y', to interesting papers of Neidhardt and Magasanik
become the inhibitor, symbolized as glucosei, (120-123) which bear directly on this point.
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to a difference of 80-fold between the minimum ones. We know that when we shall have tied in the
measurable value of the differential rate of elements of induced enzyme synthesis, we shall
synthesis and the maximum, a culture of this have a large package which will contain un-
mutant responded to induction following a expected gifts.
constant differential rate of synthesis with no Yet, those investigators studying "protein"
evidence of an acceleration phase. A constant synthesis or "differentiation" or "normal and
differential rate of synthesis from the moment of abnormal growth" do not appear to feel any
addition of inducer is evidence that the induc- impact of this subject on theirs. And in a sense
tion is proceeding homogeneously in the popu- there is no reason they should, for we have
lation. No preinduction effect was detectable merely offered analogies between our findings and
either for low concentrations of inducer or for the theirs.
glucose inhibition. Thus these very careful studies However wary one must be of reasoning by
failed to reveal any autocatalytic step as a rate- analogy, the methodology which has been de-
limiting reaction in the induction of fl-galac- fined for induced enzyme synthesis should have
tosidase. There was no indication that the repercussions in other fields. The danger in in-
amount of enzyme-forming system per cell terpreting relationships at a molecular (or even
increases. The kinetics of induced enzyme cellular) level by studies in animals or tissues has
synthesis then has become quite simple. Either already become obvious. Few microbiologists
the differential rate of synthesis is constant from would study induced enzyme synthesis (or any
the moment of addition of inducer or else the process) in a sample of bacteria without isolating
response to induction by the population is in pure culture the various organisms involved.
heterogeneous. Animal tissue culture is today just at the point of
The yeast system showing long-term adapta- establishing general methods for isolating pure

tion (110-117) is so nearly analogous to the cell lines and these advances will certainly open
E. coli system that I feel reasonably certain that up a new era in the analysis of differentiation
we are dealing with a general phenomenon and and "abnormal" growth. However, new as the
that eventually one mechanism will describe both subject is, it is clear that workers with animal
findings. It is clear that the nongratuity model cells will have to develop simple, defined systems,
we previously proposed and the identification of and experiments will have to ask and answer
Z as an induced permeation system explain every similar questions to those we have faced. There-
known aspect of the E. coli system. Whether this fore, while I agree that "embryology will ulti-
model by identifying Z with one of the enzymes mately have to be studied in embryos" (124, 125),
of "galactozymase" (possibly the Y system) will investigators working on the growth and dif-
eventually account for all of the observations ferentiation of animal cells, should, for a long
with long-term adapting yeasts remains to be time, be aided by the methodology and results of
seen. studies on enzyme synthesis in microorganisms.
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